We measured angular-resolved diffuse reflectance in tissue samples of different anisotropic characteristics. Experimental measurements were compared with theoretical results based on the diffusion approximation. The results indicated that the angular distribution in isotropic tissue was the same as in isotropic phantoms. Under normal incidence, the measured angular profiles of diffuse reflectance approached the Lambertian distribution when the evaluation location was far away from the incident point. The skewed angular profiles observed under oblique incidence could be explained using the diffuse model. The anisotropic tissue structures in muscle showed clear effects on the measurements especially at locations close to the light incidence. However, when measuring across the muscle fiber orientations, the results were in good agreement with those obtained in isotropic samples.
Introduction
Photon migration methods have been widely applied in biomedical fields for in vivo early disease diagnosis [1] [2] [3] [4] . In many applications, optical fibers are used to deliver and receive light because they are flexible and can be easily incorporated into endoscopes. Since a fiber optic probe has a limited acceptance angle, its geometrical design [5] , and the spatial and angular distribution [6, 7] of the light signals may affect the amount of light that is detected, and need to be characterized. In addition, the angular profile of diffuse reflectance from the tissue surface is an important factor for the realistic rendering of biological tissues in computer graphics [8] . In such applications, the tissue surface is usually assumed to be a Lambertian source under the illumination of an external light source where the surface luminous intensity is proportional to the cosine of the angle formed between the surface normal direction and the view direction. These aforementioned applications can certainly benefit from a detailed study to determine the actual angular profile of diffuse reflectance in biological tissues.
Kienle et al. [9] studied the angular distribution of diffuse reflectance under normal incidence of a pencil beam using a Monte Carlo simulation. Their results showed that the distribution was very close to the Lambertian distribution except for locations proximate to the incident point. In a later study, Qu et al. [6] also found that when they used Monte Carlo simulation, the angular profile of diffuse reflectance was almost Lambertian under a normal incidence of a broad beam. However, under oblique incidence, the angular distribution was different from the Lambertian distribution. Recently, Gebhart et al. [7] conducted comprehensive studies on this topic using phantoms and simulations, and investigated the effects of sample optical properties.
In this study, we further studied the angular profile of diffuse reflectance from turbid media. Specifically, we measured the angular distribution of diffuse reflectance in real biological tissues, and compared the results with those obtained from tissue equivalent phantoms. In addition, we found that a diffuse model of light transport can be applied to explain the skewing effects [6, 7] observed under oblique incidence. We conducted measurements in two different kinds of bi-ological tissues: isotropic and anisotropic. Isotropic tissues have no specific structural orientations. Although tissues are commonly considered to be isotropic in practical applications, many biological tissues are inherently anisotropic [10 -15] . These anisotropic samples have well organized structural orientations so that photons scattering within the medium depends on the incident direction. Such global anisotropy is conceptually different from single scattering anisotropy, which is determined by scattering phase function. Using skeletal muscles [15] as models, we showed that the angular profiles of diffuse reflectance depend on the measurement orientations in such anisotropic tissues, and may have large deviations from the Lambertian distribution.
Materials and Methods

A. Samples
Tissue equivalent phantoms were made from gelatin type B (CAS 9000-70-8, Thermo Fisher Scientific Inc., Waltham, MA, USA), and 20% intralipid (CAS 68890-65-3, Sigma-Aldrich, Inc., St. Louis, MO, USA). Various concentrations of intralipid were used to make samples of different reduced scattering coefficients ( s Ј). Chicken liver tissues were acquired from a local grocery store to represent isotropic tissues. Striated muscle samples (Longissimus dorsi) were acquired from the Meat Science Laboratory at the University of Missouri-Columbia to represent anisotropic tissues.
B. Experimental Setup
The experimental setup is illustrated in Fig. 1 . A coordinate was set so that the origin was coincident with the incident point at the sample surface, and the z-axis pointed into the sample. Two optical fibers with 400 m core diameters, and 0.22 N.A. were used. One fiber was connected to a LED light source ͑692.4 nm͒, and was used to deliver the light to the sample surface; the other fiber was used to collect diffuse reflectance.
Each fiber tip was attached to a manual rotational stage for adjusting their angular positions. The two rotational stages were mounted systematically so that the two fiber tips rotated within two parallel planes: the incident plane and the detection plane. The two planes were extended along the x-axis in Fig.  1 . The incident plane was defined by the incident fiber and the normal direction of the sample surface (N). The detection plane was defined by the detection fiber and the normal direction on sample surface. The two rotational axes (along the y-axis) were perpendicular to these two planes, and they were precisely calibrated so that they were located at the sample surface.
The detection fiber setup was mounted on a two dimensional translation stage so that the fiber tip can be translated laterally and longitudinally within the measurement window. The longitudinal movement of the detection fiber changed the distance between the incident plane and the detection plane ͑⌬y͒, while the lateral movement changed the detection position within the same detection plane. The angular resolved reflectance was measured by rotating the detection fiber tip to different angles to collect diffuse reflectance. The measured angles were from Ϫ40°to 40°corresponding to the normal direction (N). The incident fiber was adjusted either perpendicular to the sample surface or at an oblique degree 40°to the normal direction.
To ensure a smooth measurement surface, tissue samples were mounted beneath a thin cover glass ͑n ϭ 1.52͒ with thickness of 0.13-0.16 mm. Although its refractive index was considered in a diffuse calculation, the refraction and reflection at the top glassair interface may change the angular distribution and may contribute to the slight difference observed in this study between the experiment and the calculation. Using our coupling system, the divergence angle of the light beam exiting from the incident fiber was measured as 6.5°(half angle). The fibers were located 1.0 mm above the thin cover glass. The beam diameter at the sample surface was estimated to be ϳ0.63 mm at normal incidence. When positioned at normal (0°) to the sample surface, the collection fiber received light from an area of 0.85 mm in diameter from the sample surface. To compensate a larger collection area at other angles, the measured light intensity was multiplied by the cosine of the detection angle.
C. A Diffuse Model of the Angular Distribution of Diffuse Reflectance
Photon migration in turbid media is commonly described with radiative transfer theory [16, 17] . Theoretical results based on this theory are in good agreement with experimental observations in turbid media [18, 19] . For many applications is highly scattering media, the diffusion approximation can be applied to simplify the radiative transfer theory. The solution of diffusion equation in a semi-infinite scat- tering medium [20, 21] was obtained more than a decade ago and has been widely used since then. Based this solution, the fluence rate (r) of a pencil beam incident perpendicularly upon a semi-infinite scattering medium can be obtained using a dipole source with an extrapolated boundary condition. Specifically, the positive point source is located one transport mean-free-path (mfpЈ) beneath the incident point, where 1 mfpЈ ϭ 1͞ t Ј and t Ј ϭ s Ј ϩ a . A negative point source is located 1͞ t Ј ϩ 4AD above the incident point, where D is the diffuse coefficient and A is the coefficient accounting for the surface reflection [21] . The spatially resolved diffuse reflectance R͑r͒ along the surface normal direction was derived as
where D is the diffuse coefficient, r is the distance between the evaluation location and the incident location, and z is the axis aligned with the normal vector N in Fig. 1 (but it is pointing into the sample), and z ϭ 0 indicates the sample surface. The diffuse reflectance at the sample surface along an arbitrary direction can be calculated as
where u ϭ ͑u x , u y , u z ͒ are the directional angles (cosine) along the three axes, and u x 2 ϩ u y 2 ϩ u z 2 ϭ 1. At normal incidence, if the angular profile is measured in such a way that the rotational axis passes through the origin, Eq. (2) predicts a Lambertian distribution. For example, without losing the generality, if the detection fiber rotates within the detection plane and around the y-axis (Fig. 1 , ⌬x ϭ 0, u y ϭ 0), Eq. (2) becomes
where z is the detection angle formed with the z-axis. From Eq. (2), if the rotation axis does not pass through the incident point, the angular distribution is not Lambertian.
If the light beam is incident at an oblique angle of z within the incident plane shown in Fig. 1 , the positive point source (the diffuse center) of the dipole system is shifted by a distance of ⌬x [22, 23] along the x-axis:
where t is the refraction angle inside the medium. Therefore the angular distribution of the diffuse reflectance is still Lambertian when the measurement axis passes through the diffuse center. However, if the measurement axis passes the incidence point, the obtained angular profile is no longer Lambertian, and can be calculated using Eq. (2). Due to the nature of diffuse approximation, the angular resolved diffuse reflectance that is calculated with the above methods is not valid when the evaluation site is close to the light incident location. To investigate this type of effect, we conducted measurements at different distances between the incident plane and the detection plane ( Fig. 1) : from close ͑⌬y Ͻ 1 mfpЈ͒ to far away ͑⌬y Ͼ 2 mfpЈ͒. All measurement distances were measured in units of the transport mean-free-path to account for tissues with different optical properties. We used the oblique incidence reflectometry [24 -27] method to measure the sample absorption coefficients ͑ a ͒ and reduced scattering coefficients ͑ s Ј͒. In the measurements, the tissue refractive index was assumed to be 1.37. The accuracy of the measurement system was 10% using calibrated scattering phantoms [27] .
Results and Discussions
A. Normal Incidence
The angular distributions of diffuse reflectance from isotropic intralipid phantoms were measured when the delivery fiber was positioned perpendicularly to the sample surface. The absorption coefficients of these phantoms were very small compared to the scattering coefficients. The rotational axis for the measurements was on the line that passed through the incident point (⌬x ϭ 0 in Fig. 1) , and was perpendicular to both the incident plane and the detection plane. The measured angular distributions were normalized to the value measured at 0°. The normalized angular distributions of diffuse reflectance were shown in Fig. 2 for ⌬y ϭ 0.8 and 2.0 mfpЈ. The data points shown were averaged over several measurements. The standard deviations were small and may not show up in the graphs as error bars. It can be seen that the angular profiles were all symmetric centering at the incident point. Samples with different reduced scattering coefficients were measured in the experiments. However, when the distance was measured in the unit of mfpЈ, the reduced scattering coefficient had no influence on the angular distribution of diffuse reflectance disregarding the measurement distances. As we show in Figs. 2(a) and 2(b), the difference among the three phantoms was less than 1.6%.
Since the measurement was centered at the axis passing through the origin, the diffuse theory predicted a Lambertian profile of the angular distribution as we describe in Eq. (3). Figure 2 (c) shows the measured angular profiles at three locations of different distances away from the incident point (the ⌬y in Fig. 1 ): 0.8, 2.0, and 3.64 mfpЈ. The s Ј of the phantom was 5.8 cm
Ϫ1
, and the absorption coefficient was negligible. The deviation was usually greater at larger detection angles. It can be seen that at larger distances, the angular profile approached the Lambertian distribution. As we expected, there were larger deviations when the evaluation point was close to the incident point. The maximal differences from the Lambertian distribution were 8.9%, 5.8%, and 4.3% at ⌬y ϭ 0.8, 2.0, and 3.64 mfpЈ distances, respectively.
In the chicken liver tissue, the normalized angular distributions of diffuse reflectance measured at ⌬y ϭ 2.36 and 3.64 mfpЈ from the incidence were shown in Fig. 3 . The optical properties of the tissue were s Ј ϭ 8.7 cm Ϫ1 and a ϭ 0.5 cm
. Because of the large reduced scattering coefficient of the liver tissue, the minimum distance to the incident point that we could measure was ⌬y ϭ 2.36 mfpЈ to avoid the collision of the delivery fiber with the detection fiber. Figure 3 indicated that the angular distributions of diffuse reflectance were almost identical as in Intralipid phantoms even though the liver had much greater absorption than the Intralipid phantoms. As in phantoms, the angular profile was slightly underestimated compared with the Lambertian distribution. The maximal differences from the Lambertian distribution were 5.6% and 4.2% at ⌬y ϭ 2.36 and 3.64 mfpЈ distances, respectively.
Light propagation in skeletal muscles is not isotropic because of the muscle fibers [28] and the periodic sarcomere structures [15, 27] . Because previous studies indicated that optical properties of muscle depended on the measurement orientation [29] , we chose three different geometrical arrangements in our measurements. In the first arrangement (the "cross" arrangement), the detection plane was perpendicular to the muscle fiber orientation, i.e., muscle fibers were aligned with the y-axis in Fig. 1 . In the second arrangement (the "parallel" arrangement), the detection plane was parallel to the muscle fibers, i.e., muscle fibers were aligned with the x-axis in Fig. 1 . In the third arrangement (the "end" arrangement), the cross section of the muscle bundle was used as the measurement surface, i.e., the muscle fibers were aligned with the z-axis in Fig. 1 .
All results with the aforementioned geometrical arrangements in skeletal muscle were shown in Fig.  4 along with the Lambertian distribution predicted from diffuse theory. In the cross arrangement, at three distances from ⌬y ϭ 0.8-3.64 mfpЈ, the mea- sured angular distributions were all nearly identical to the corresponding distributions in phantoms. The maximal relative errors from the ideal Lambertian distribution were 9.9%, 5.3%, and 4.1% at ⌬y ϭ 0.8, 2.0, and 3.64 mfpЈ distances, respectively. This indicated the similarity between this geometrical arrangement in skeletal muscle tissue and the isotropic tissue phantom. In the parallel arrangement, at a close distance, the measured angular distribution of diffuse reflectance was much narrower than the distribution in the phantom. However, the discrepancy became smaller as the distance increased with relative errors from the Lambertian distribution changing from 29.9% at ⌬y ϭ 0.8 mfpЈ to 10.9% at 3.64 mfpЈ. Similarly, in the end arrangement, at a close distance, its angular distribution was also significantly narrower than the correspondents in the phantom tissue. And it became closer to the result obtained in the phantom as distance increased. The maximal relative errors from the ideal Lambertian distribution were 24.5%, 7.5%, and 2.0% at ⌬y ϭ 0.8, 2.0, and 3.64 mfpЈ distances, respectively. For both the cross and end arrangements, the angular profiles of diffuse reflectance approached the Lambertian distribution when the evaluation location ͑⌬y͒ was greater than 2 mfpЈ. The above results indicated that under the normal incidence, the angular distributions of diffuse reflectance in an isotropic tissue (live tissue) were the same as those measured in tissue phantoms. In anisotropic tissues such as skeletal muscle, the results measured across the muscle fibers had little difference with those isotropic tissue or phantoms. However, in the other two geometrical arrangements, i.e., the parallel and end measurements, the results were quite different from those obtained in isotropic media, especially at small measurement distances. For all measurements except for the parallel arrangement in muscle, the angular profiles were very close to the Lambertian distribution at larger distances ͑⌬y Ͼ 1 mfpЈ͒. Nevertheless, the anisotropic tissue structures did affect the angular distribution of diffuse reflectance as we show in the muscle results.
B. Oblique Incidence
In this study, the light was incident upon the sample at 40°to the normal direction of the surface. At oblique incidence, two measurement locations are particularly interesting: the incident point and the diffuse center. The diffuse center deviates from the incident point as shown in Eq. (4). For each sample, we measured the angular resolved reflectance centered on two different axes. One axis passed through the incident point (the "incident line") and the other line passed through the diffuse center (the "diffuse line"). Both lines were perpendicular to both the incident and the detection planes. The diffuse center can be calculated using Eq. (4) after the sample optical properties were measured. In addition, we also used the symmetrical center of the diffuse reflectance as a comparison by matching the reflectance signal measured on both sides of the incident point. For all the measurements, the differences in diffuse centers obtained by these two methods were less than 4%. profiles observed in the normal incidence situation (Fig. 2) , the angular distributions were all skewed even at large distances where photons have been diffused. The skewing was also calculated using Eq. (2). It can be seen from Fig. 5(a) that the calculated curves had better agreement with the experimental data at larger distances. The maximal relative errors between experiment and calculation were 35.0%, 6.9%, and 4.3% at ⌬y ϭ 0.8, 2.0, and 3.64 mfpЈ distances, respectively. The optical properties of the phantom used in Fig. 5 were the same as in Fig. 2(c) . We conducted measurements in phantoms of different scattering coefficients, and found no significant difference in angular distributions. As in normal incidence, this suggested that optical properties did not affect the angular distribution of diffuse reflectance when mfpЈ was used as the distance measure.
Based on diffusion approximation, when the detection fiber was aimed toward the diffuse center, it collected more light than when aiming it away from the diffuse center. If the angular resolved reflectance was measured at the diffuse line, the measured angular distribution should be the same as that measured at the incident line under normal incidence. Figure 5(b) shows the results obtained in intralipid phantoms along the diffuse line. The maximal relative errors between experiment and calculation were 16.8%, 5.9%, and 4.2% at ⌬y ϭ 0.8, 2.0, and 3.64 mfpЈ distances, respectively. At large distances of ⌬y ϭ 2 and 3.64 mfpЈ, the distributions were nearly symmetrical and close to Lambertian distribution. However, at close distance ͑⌬y ϭ 0.8 mfpЈ͒, the angular distribution was still skewed. Such a discrepancy was partially attributed to the ballistic photons received at this small detector-source distance. In addition, this type of deviation can also be caused by small errors in aligning the detection fiber with the diffuse center. We found that the distribution measured at ⌬y ϭ 0.8 mfpЈ was sensitive to sample optical properties. We noticed that, especially for samples of large reduced scattering coefficients, the distance between the incidence and diffuse centers was small, and any small errors can have big a influence.
In liver tissue, when the measurement was centered at the incident line (⌬x ϭ 0 in Fig. 1 ), the measured angular distribution was the same as in the phantoms [Figs. 6(a) and 5(a)]. Measurements were conducted at two locations of ⌬y ϭ 2.36 and 3.64 mfpЈ from the incident point (⌬y in Fig. 1 ). The angular distributions at both distances were skewed. The experimental measurements had good agreement with diffuse calculations at larger distances. The maximal relative error between experiment and calculation was 4.7% at ⌬y ϭ 3.64 mfpЈ. The angular distributions measured at the diffuse line at ⌬y ϭ 2.36 and 3.64 mfpЈ from incidence were shown in Fig. 6(b) . It can be seen that the results were similar to those measured in the phantoms. The angular profiles became symmetrical and matched the Lambertian distribution. The maximal relative errors between experiment and calculation were 5.9% and 4.2% at ⌬y ϭ 2.36 and 3.64 mfpЈ distances, respectively.
For all three geometrical arrangements in the skeletal muscle, the angular distributions of diffuse reflectance at the incident line were skewed (Fig. 7) . When measured across the fibers, the angular distributions at all three distances, no matter how near or far, were the same as in the solid phantoms, which were the same as in normal incidence. When the detection plane was parallel to the muscle fiber direction (the parallel arrangement) or at the cross section of the fibers (the end arrangement), the results were different from the phantoms, especially at a closer distance to the incident point.
The results calculated from the diffuse theory [Eq. (2)] were also shown in Fig. 7 . It can be seen that, in the cross configuration, the diffuse model was in good agreement with our experimental observation. Quantitatively, the maximal relative errors between experiment and calculation were 10.7%, 3.7%, and 3.6% at ⌬y ϭ 0.8, 2.0, and 3.64 mfpЈ distances, respectively. For the parallel and end configurations, there were larger discrepancies between theory and experiments although the diffuse theory depicted a correct trend. Even at a larger distance of ⌬y ϭ 3.64 mfpЈ, the errors between experiment and calculation were still as large as 7.5% and 11.7% for parallel and end arrangements, respectively. However, at the small distance of ⌬y ϭ 0.8 mfpЈ, all three geometrical arrangements produced different results from the diffuse theory because the diffuse theory cannot be applied at close proximities to the incident location. Figure 8 shows the results in muscle measured at the diffuse line. The angular profiles became symmetrical as was predicted from the diffuse theory for all the three different measurement arrangements, except for the ones measured at a small distance ͑⌬y ϭ 0.8 mfpЈ͒. The cross arrangement showed the best match with the Lambertian distribution at larger distances. At ⌬y ϭ 3.64 mfpЈ, the maximal relative error between experiment and calculation was 4.1%. On the other hand, the parallel and end arrangements still deviated from the Lambertian distribution even at larger measurement distances. At ⌬y ϭ 3.64 mfpЈ, the errors between experiment and calculation were still as large as 8.7% and 11.3% for parallel and end arrangements, respectively. Such different behavior was similar to those observed in the normal incidence scenario.
In all of the samples used in this study, the angular profiles of diffuse reflectance approached the theoretical curve calculated from Eq. (2) if measured far away from the light incident point. At the largest distance ͑⌬y ϭ 3.64 mfpЈ͒ measured in this study, the relative errors never exceeded 5% in phantoms, liver tissue, and muscle samples under cross arrangement. Because photons had a greater chance of being diffused at a larger distance, the single scattering characteristic determined by specific anisotropic tissue structures was less significant. Therefore, the measured angular distributions became similar among different tissues.
As observed in a previous study [29] , the measured optical properties of muscle samples had significant variations among different measurement configurations. We found that, in this study, the angular profiles of diffuse reflectance were also significantly affected by specific measurement arrangements. Interestingly, when the measurement plane was perpendicular to the skeletal muscle fiber direction, the measured angular distributions were the same as those in the isotropic phantoms in either normal or oblique incidence circumstances.
The aforementioned observation must be originated from detailed mechanisms involved in light-muscle interactions. In skeletal muscles, the periodical sarcomere structures [30] are connected and aligned in the longitudinal direction, which are similar to the regular optical grating. Incident light is preferably diffracted along the muscle fibers. In the dimension that is parallel to muscle fiber direction, the diffraction effects significantly change the scattering phase function and produce a different angular distribution from the isotropic phantom. This effect is significant when the measurement point is close to the incident point, and photons are not fully diffused. On the other hand, the diffraction is not significant in the dimension crossing the fiber direction. Therefore light scattering is similar to the isotropic distributed phantom media. When the muscle fiber end section was used as the measurement surface, the muscle fibers may act as a waveguide and make light transport along fiber direction more easily as indicated in a recent study [14] . With the measurement near the incident point, this directional preference of transport can significantly affect the scattering phase function and cause the measured angular distribution to deviate from the isotropic cases. Nevertheless, further studies are necessary to clarify these effects.
Conclusions
We compared angular profiles of diffuse reflectance in tissue phantoms, isotropic tissue, and anisotropic tissue. In all of the samples used, the experimental results can be described using the diffuse model when measured far away from the incident point. The diffuse center served as the symmetrical center instead of the incident point. Therefore, when the rotational axis passed through the diffuse center at the sample surface, the obtained angular profiles were symmetrical. On the other hand, a skewed curve appeared when the rotational axis passed through the incident point under an oblique incidence. The results in isotropic liver tissues were the same as in the tissue phantoms. The angular profiles were not sensitive to sample optical properties when the distance measures were in the unit of transport mean-free-path. In skeletal muscles, when measured across the fiber direction, the angular distributions of diffuse reflectance under different conditions were similar to those in isotropic phantoms. These results provide useful information to experimental designs involved with Fig. 8 . Normalized angular distribution of diffuse reflectance measured at the diffuse line in skeletal muscle under 40°inci-dence, and with different geometrical arrangements. Optical properties of muscle tissue were: s Ј ϭ 3.6 cm Ϫ1 and a ϭ 1.5 ϫ 10 Ϫ2 cm Ϫ1 with the cross arrangement, s Ј ϭ 7.1 cm Ϫ1 and a ϭ 4.0 ϫ 10 Ϫ4 cm Ϫ1 with the end arrangement, and s Ј ϭ 4.5 cm Ϫ1 and a ϭ 6.6 ϫ 10 Ϫ2 cm Ϫ1 with the parallel arrangement.
diffuse reflectance measurements fiber optic probes. The effects of measurement orientations in skeletal muscle tissues should be considered to achieve a consistent measurement result.
